One of the major problems with Electrical Impedance Tomography (EIT) is the lack of spatial sensitivity within the measured volume. In this paper, sensitivity distribution of the tetrapolar impedance measurement system was visualized considering a cylindrical phantom consisting of homogeneous and inhomogeneous medium. Previously, sensitivity distribution was analysed analytically only for the homogeneous medium considering simple geometries and the distribution was found to be complex 1,2 . However, for the inhomogeneous volume conductors sensitivity analysis needs to be done using finite element method (FEM). In this paper, the results of sensitivity analysis based on finite element method using COMSOL Multiphysics simulation software are presented. A cylindrical non-uniform, inhomogeneous phantom, which mimics the human upper arm, was chosen to do the experiments by varying different parameters of interest. A successful method for controlling the region of interest was found where the sensitivity was maximum. Refining the finite element mesh size and introducing multifrequency input current (up to 1 MHz) this simulation method can be further improved.
I. Introduction
Electrical Impedance Tomography (EIT) is a technique to visualize the spatial distribution of electrical conductivity inside an object. Electrical impedance measurements on the human body have been found a variety of applications in clinical diagnosis and research including the measurement of physiological function 3 , tissue characterisation 4 and imaging 5 . In EIT, usually an alternating current of about 1mA is injected in one pair of electrodes and voltages are measured from the other pairs. Current injection is then moved between another, commonly adjacent pair of electrodes so that all electrode pairs are used ( fig. 1.1 ). Several electrode configurations can be used in EIT; however, they are all based on tetrapolar measurements because of its ability to minimize the impact of electrodes' contact impedance on the measurements. The tetrapolar electrode configuration has been used in a number of research areas such as respiratory system 6 , cardiac system 7 , cervical neoplasia, tissue characterization 4 etc. However, there is very little information available for the sources of errors, when making tetrapolar impedance measurements. The spatial sensitivity of tetrapolar impedance measurements is complex 1 having regions of negative sensitivity, which may introduce large errors when measuring the impedance for any heterogeneous materials. Earlier, much of the works on sensitivity analysis were done analytically based on phantom experiments and simulation considering simple geometries 1, 2 .
The availability of COMSOL Multiphysics package has enabled us to get the numerical solution for a complex geometries using finite element method. Through finite element simulation we can obtain a large number of data within a certain range which is impossible to get through experimental techniques. Our aim was to conduct a computer simulation study by COMSOL Multiphysics in order to investigate the sensitivity distributions in a tetrapolar measurement system by applying the Gezelowitz lead field theory 8 . The purpose of the study was to gain further understanding of the problems in EIT measurement.
In this paper the simulation results conducted with a 3D model mimicking the anatomy of human upper hand is presented. Fig. 1. 1 . Diagram of a 16 electrode EIT system. Current, I, is imposed across the core Ω through a pair of adjacent electrodes while the voltage distribution, V is measured between each set of neighbouring adjacent electrodes. After the voltage measurements around the entire perimeter, the current drive electrodes are rotated to the neighbouring electrode pair and the voltages at all electrodes are measured once again. This process continues until the 256 sets of voltage data are obtained.
II. Sensitivity Analysis
Sensitivity can be defined as the fractional change of transfer impedance (ratio of the measured potential and the applied current) with the change of conductivity inside a particular region. Considering the divergence theorem of Gauss in an arbitrary closed bounded region V, whose boundary, Ω is a piecewise smooth surface ( fig. 2.1 It should be noted that Geselowitz's theorem is only valid for a small change in conductivity within a semi homogeneous and isotropic volume conductor. Assuming the volume conductor consists of a number of discrete elements of uniform conductivity then given by
where *ψ is the potential gradient before the conductivity change occurred at point x, y, z between the drive electrodes A, at this point after the change occurred due to injection of unit current between the receive electrodes Both potential gradients *φ and induced by current , at electrodes electrodes C,D respectively. It appears that there is no analytical solution of the sensitivity product between two triple integrals for each coordinate and z. A finite element model can be used to get the solution 9 .
III. Material and Methods
In tetrapolar impedance measurement, it is intuitively understood that not all small sub contribute equally to the measured impedance. Volumes between and close to the electrodes contribute mor volumes far away from the electrodes. Hence, a careful choice of electrode's size and placement enabled to focus measurements on the desired part of the material. finite element modelling, a plot of sensitivity of a given material can easily be observed, and this method provides a very valuable tool for the experimental design. The sensitivity of a small volume d measure of how much this volume contributes to the total measured impedance 8 . If the resistivity varies material, the local resistivity must be multiplied with the sensitivity to give a measure of the volume's contribution to the total measured impedance.
For the tetrapolar impedance measurement system, the sensitivity is computed in the following 1. A current, I between the two drive electrodes is injected and the current density 5 6 in each small volume element in the material is computed as a result of this current.
2. The same current is injected between the receive electrodes and again the resulting current density small volume element is computed.
3. The vector dot product of element, divided by the current squared, is the sensitivity of the volume element and if it is multiplied with the re ρ in the volume, this volume's contribution to the total measured impedance Z is directly obtained. sensitivity, S will be as follows: It should be noted that Geselowitz's theorem is only valid for a small change in conductivity within a semi-infinite homogeneous and isotropic volume conductor. Assuming the volume conductor consists of a number of discrete elements of uniform conductivity and for unit current, ∆Z is
is the potential gradient before the conductivity z due to passing of unit current , B and * -+ ∆-is the field at this point after the change occurred due to injection of unit current between the receive electrodes C, D ( fig. 2.1 ). and *ψ are the electrical fields at electrodes A,B and by current at respectively. It appears that there is no analytical solution of the sensitivity S, which is the scalar product between two triple integrals for each coordinate x, y
. A finite element model can be used to get the In tetrapolar impedance measurement, it is intuitively understood that not all small sub-volumes in the material contribute equally to the measured impedance. Volumes between and close to the electrodes contribute more than volumes far away from the electrodes. Hence, a careful choice of electrode's size and placement enabled to focus measurements on the desired part of the material. Using finite element modelling, a plot of sensitivity of a given e observed, and this method provides a very valuable tool for the experimental design. The dv within the biomaterial is a measure of how much this volume contributes to the total . If the resistivity varies within the material, the local resistivity must be multiplied with the sensitivity to give a measure of the volume's contribution to For the tetrapolar impedance measurement system, the sensitivity is computed in the following ways: between the two drive electrodes is injected in each small volume element in the material is computed as a result of this current.
2. The same current is injected between the receive n the resulting current density 5 8 in each small volume element is computed.
3. The vector dot product of 5 6 and 5 8 in each volume element, divided by the current squared, is the sensitivity of the volume element and if it is multiplied with the resistivity in the volume, this volume's contribution to the total is directly obtained. Hence, the will be as follows: The equation (3.1) also demonstrates the reciprocal nature of the tetrapolar system ─ under linear conditions the drive and receive electrodes can be interchanged without changing the measured values. In this work, a cylindrical 3-D model consisting of the skin-dry, muscle, fat-averageinfiltrated, bone-cortical and bone-marrow tissue layers was built using COMSOL Multiphysics 4.3 ( fig. 3.1) . These layers were assumed to be the replica of human upper arm anatomy. The conductivity (S/m) and relative permittivity (:) values of all these tissues were taken at 100 kHz frequency from the literature (table 3.1) 11 .
(a) The solid cylindrical model could easily be converted to a homogeneous media by considering all the layers having same conductivity and relative permittivity values.
In COMSOL Multiphysics, the grey scale values were replaced with tissue types or organs. This process is called segmentation. Here, the data were segmented into the most important tissue types: muscle, blood, skin-dry, fat, bonecortical, and bone-marrow. After segmentation a 3-D data set were obtained where each voxel has a name or number that represented a tissue type. When segmentation was complete, electrodes were added on the surface of cylindrical model in a linear fashion ( fig. 3.1) . The modelling work started with using electrodes having dimensions of 5mm radius and 5mm height. 
The distribution of sensitivity throughout the structure was determined in COMSOL by the finite element method (FEM) which was based on a set of partial differential equations. However, the results were an approximate solution that numerically represented the distribution of sensitivity that would be considerably difficult to obtain manually.
The graphical representation of sensitivity had been done after performing mesh by finite element method (FEM). Hence our 3-D cylindrical model had been sectioned into a number of simplistic geometric elements (e.g. triangular, tetrahedral, brick, hexahedral etc.). The collection of elements provided a discrete approximation of the object's curves in a piecewise fashion. The number of elements was finite and in turn each element had a set of known physical laws and finite parameters were applied to it. Hence, the process created a set of partial differential equations that ran simultaneously to solve the system. Here, in this work the continuous medium were subdivided into a mesh of triangular elements inside which the conductivity was assumed constant and the electric potential varied linearly. Triangular elements had been chosen for this work because of its simplicity and suitability for fitting the boundary of different conductivity regions ( fig. 3.1b) . In this method, the field pattern set up inside the arm and current density in each region were analysed. This numerical technique was used for both the homogenous and the inhomogeneous media. From the current density, the sensitivity was computed for both the homogeneous and inhomogeneous medium. The sensitivity distribution results for the homogeneous and inhomogeneous medium were compared with each other. In addition to this, the effect of change of electrode's dimensions on the sensitivity distributions was also checked.
IV. Results
The simulation results of both the homogeneous and inhomogeneous medium are presented separately.
Homogenous conductivity
The fig. 4 .1 displays the sensitivity fields for our cylindrical model of homogenous conductivity with an electrode spacing of 50mm and for a depth of 10 and 60mm from the surface.
The sensitivity fields showed much localized areas of positive sensitivity between the receive electrode pair and negative sensitivity between the drive and receive electrode pairs at lower depth ( fig. 4.1a) . These regions of positive sensitivity increased with the increase of depths from the surface. However, the magnitude of sensitivity decreased substantially with the increase of depths (decreased almost 25% of the maximum for a 5mm increase of depth). However, these regions of positive sensitivity started diminishing and negative sensitivity region became dominant between the receive electrode pairs for higher depths down the surface ( fig. 4.1b) . The maximum sensitivity value on a plane had been found to decrease exponentially with depths ( fig. 4.2 ) and at depth, 90mm from the surface the sensitivity had fallen to 90% of the maximum sensitivity at depth 1mm.
The maximum integrated sensitivity had occurred at a plane of depth approximately 1/3 of drive-receive electrode spacing ( fig. 4. 3) . The change of sensitivity with the change of electrode dimensions had also been observed. To do this, the drivereceive electrode spacing had been considered as 50mm and the sensitivity was observed at a fixed depth of 15mm (the depth at which maximum integrated sensitivity occurred, 1/3 of 50 ≈ 15) by varying the diameter of the electrode.
The fig. 4 . 4 shows that sensitivity changes linearly with the change of electrode dimensions. 
Heterogeneous conductivity
Here different cylinders represented different tissue layers having different conductivity values. The sensitivity distribution showed different results than those of the homogenous medium. Again, fig. 4 . 7 shows the change of integrated sensitivity with depth with drive-receive electrode separation of 80mm. Here the integrated sensitivity over a plane happens to be maximum at a depth of 40mm. So, for the heterogeneous medium the maximum integrated or mean sensitivity occurred at half (1/2) of the drive-receive electrode spacing. The mean sensitivity is shown here up to 100mm depth. At a depth above 140mm it has fallen 99% of the maximum value.
The change of integrated sensitivity with depth, with electrodes spacing of 50mm is shown in fig. 4 . 6. The integrated sensitivity over a plane is found maximum at a depth of 25mm. To confirm the use of sensitivity as an indicator of measurement depth, the tetrapolar configuration was again modelled with a range of electrode separation (drivereceive) and electrode dimensions (only diameter was changed and height was kept fixed). In fig. 4 .8, the integrated sensitivity are shown against drivereceive electode spacing at 25mm depth. The integrated sensitivity decreases almost linearly for smaller drivereceive separation, then it approaches towards a constant value. In a plane the overall sensitivity decreases due to the increase of negative sensitivity region with drive-receive spacing. On the other hand, positive sensitivity region decreases with the increase of drive-receive separation. In fig. 4 .9, the integrated sensitivity is shown against the electrode dimensions at a depth of 25mm and drive-receive spacing of 50mm. Interestingly, the change of sensitivity for both the homogenous ( fig. 4 .4) and inhomogeneous medium ( fig. 4.9 ) with the change of electrodes' dimensions shows similar behaviour. For the inhomogeneous medium the sensitivity distribution also varies linearly with the electrodes' diameter. 
V. Discussion
The simulation result presented in this paper can be used to predict the positive and negative sensitivity regions which are correlated with higher and lower impedance region of an object. The previous analytical works on sensitivity analysis of homogeneous medium were done considering a simple geometry. The sensitivity distribution at a point inside a volume conductor was calculated by a programme written in MATLAB using Geselowitz lead theorem 1,2 . The previous works found a mean sensitivity of zero at the surface layer, a maximum average sensitivity at a plane one-third of the electrode spacing and regions of negative sensitivity down to half of the electrode spacing 1, 2 . This work on sensitivity calculation using finite element method (FEM) confirmed those finding for homogeneous medium. However, for the inhomogeneous medium the maximum average sensitivity was found on a plane at depth half the drive-receive electrode spacing. Beyond the maximum plane, the mean sensitivity falls more slowly in the inhomogeneous medium than does in the homogenous medium. The FEM based solution of sensitivity distribution of the tetrapolar measurement of this work has also shown that the change of sensitivity with electrode dimension give similar results both for the homogenous and inhomogeneous medium. Cylindrical shaped electrodes having larger diameter provides better result in the sensitivity measurements.
VI. Conclusion
The complex resistivity distributions of the body coupled with the complex sensitivity distribution of the tetrapolar measurement techniques have the potential to produce unrealistic estimate of transfer impedance. The sensitivity distributions obtained by finite element method (FEM) considering a complex shaped object having heterogeneous tissue structure can be considered more realistic than the previous works based on analytical method considering simple geometry done by Brown et al. 1 and Islam et al. 2 . Moreover, if the number of element and nodes are increased by advanced finite element mesh, more accurate results could be obtained. In addition to this, multifrequency (up to 1MHz) sensitivity analysis is necessary to study the complex nature of the human anatomy.
